what is known already: Oral preparations of nitric oxide (NO) donor drugs augment relaxant effects of NO on myometrial cells, reverse the vasoconstriction caused by prostaglandins and successfully alleviate pain, but the incidence of side effects is too high for routine clinical use. Sildenafil citrate inhibits type 5-specific phosphodiesterase (PDE5), thus preventing the degradation of cyclic guanosine monophosphate (cGMP) in the muscle and augmenting the vasodilatory effects of NO. Therefore, by inhibiting PDE5, the tissue remains relaxed and more blood can circulate through. It has been used previously in a vaginal form with no observed side effects, and it enhances endometrial blood flow. study design, size, duration: A double-blind, randomized, controlled trial comparing vaginal preparation of sildenafil citrate (100 mg single dose) to a placebo in 62 PD patients at the time of painful menstruation was conducted. The primary outcome was total pain relief over 4 consecutive hours (TOPAR4) comparing sildenafil citrate to placebo, where higher TOPAR4 scores represent better pain relief. Secondary outcomes were pain relief as measured by the visual analog scale (VAS) and uterine artery pulsatility index (PI). Subjects were recruited from December 2007 to January 2011. The trial was stopped due to closeout of the funding for the study.
Introduction
Primary dysmenorrhea (PD) is by far the most common cause of pelvic pain in women. This has both psychological and economic impact, as dysmenorrhea accounts for 600 million lost work hours and $2 billion annually in the USA (Dawood, 1984) . It is most commonly attributable to excess endometrial prostaglandin production at the time of menstruation, which leads to abnormal uterine contractions, increased intrauterine pressure, vasoconstriction of small uterine vessels and increased sensitivity of pain receptors, which consequently causes pelvic pain (Pulkkinen, 1983; Hauksson et al., 1988) . During uterine contractions, endometrial blood flow decreases suggesting that ischemia due to the hypercontractility exacerbates the pain (Hauksson et al., 1988; Akerlund, 1994) .
Nitric oxide (NO) donor drugs augment relaxant effects of NO on myometrial cells, reverse the vasoconstriction caused by prostaglandins and improve uterine blood flow in patients with PD (Moya et al., 2000; Facchinetti et al., 2002) . Although these drugs cause vasodilatation and successfully alleviate pain, the incidence of side effects may be too high for routine clinical use with oral route for this indication (Facchinetti et al., 2002) . Sildenafil citrate (sildenafil) augments the effect of NO because it inhibits type 5-specific phosphodiesterase (PDE5) and decreases the breakdown of cyclic guanosine monophosphate (cGMP) generated by soluble guanylyl cyclase. It causes relaxation of female rabbit clitoral and vaginal muscle strips, and inhibits mechanical uterine contractions in rat myometrium (Park et al., 1998; Traish et al., 1999; Buhimschi et al., 2004) . Enhanced genital blood flow has been demonstrated with sildenafil (Berman et al., 2001) . Several authors studied endometrial development following treatment with vaginal sildenafil and concluded that it enhances endometrial blood flow Fisch, 2000, 2002; Paulus et al., 2002) .
The vagina is an effective route for drug administration intended mainly for local action because delivering medication in close proximity to the target organ decreases the incidence of side effects. The major advantages of vaginal route include accessibility, good blood supply and the ability to bypass first-pass liver metabolism (Back et al., 1987; Chakmakjian and Zachariah, 1987) . For these reasons, intravaginal drug delivery is particularly appropriate for drugs associated with women's health issues as it increases safety. The main problem with NO donor drugs is reduced tolerability in the form of a headache, but similar effects with bromocriptine were ameliorated with vaginal administration without loss of treatment efficacy (Vermesh et al., 1988) .
To date vaginal sildenafil has not been used in the treatment of PD. We hypothesized that vaginal delivery of sildenafil citrate would induce local vasodilatation of the uterine vessels resulting in amelioration of pain in PD patients while minimizing side effects as the majority of the active substance probably would not reach the systemic circulation. We further hypothesized that the uterine artery pulsatility index (PI) would be decreased. Here we have compared pain relief achieved by sildenafil citrate with a placebo and measured the uterine artery PI by color Doppler ultrasound.
Materials and Methods

Human subjects
The study was approved by the Institutional Review Board at Penn State Hershey Medical Center, USA, and by the Ethics Committee at Nova Gradiska General Hospital in Croatia where the trial was conducted. We obtained an IND from the U.S. Food and Drug Administration (FDA IND # 72 008), and the Croatian Central Ethics Committee granted approval for the use of vaginal preparation of sildenafil citrate. Subjects were recruited from the Ob/Gyn Department at Nova Gradiska General Hospital from December 2007 to January 2011. The trial was stopped due to closure of the funding for the study. Women who participated in the study were either presenting at the clinic for their annual Ob/Gyn examination, complaining of dysmenorrhea, or were referred to the clinic for evaluation of dysmenorrhea. All subjects gave written informed consent.
Inclusion criteria
Women in good health, aged 18 -35 years, and who suffered from moderate to severe PD (onset , 3 years after menarche) were enrolled in the study. Subjects had regular (25 -31-day) menstrual cycles for the 3-month period preceding enrollment, with symptoms of moderate to severe PD during those cycles. The pain associated with PD was abdominal or pelvic, could radiate to the back and along the thighs and could begin up to 1 day before menses and last for the first 3 days of bleeding. The pain could be accompanied with systemic symptoms including nausea, vomiting, diarrhea, headache, fatigue, nervousness and dizziness.
Exclusion criteria
Exclusion criteria were known or suspected hypersensitivity to trial drug; known or suspected secondary dysmenorrhea (major abdominal or pelvic surgery, endometriosis, pelvic inflammatory disease (PID), ovarian cysts, pathological vaginal secretion, chronic abdominal pain, inflammatory bowel disease, irritable bowel syndrome); resting hypotension (BP , 90/50) or hypertension (BP . 170/110); known or suspected chronic disease, malignancy; serious eye conditions; concomitant long-term treatments; and undiagnosed vaginal bleeding (within the past six cycles). Patients enrolled simultaneously into other investigative studies that required medications or would otherwise prevent compliance with the protocol were excluded.
Design
The study was a double-blind, randomized, controlled trial of a 100 mg single vaginal dose of sildenafil citrate compared with a single vaginal dose of placebo in PD patients. The primary hypothesis was that the 100 mg single dose of sildenafil citrate would have at least a 6.5 unit improvement in a total pain relief over 4 h (TOPAR4) compared with a single dose of placebo in the treatment of moderate-to-severe PD. TOPAR4 (Korn et al., 2004 ) is a calculated value; it is a weighted sum of pain relief scores (where 0, none; 1, a little; 2, some; 3, a lot and 4, complete) up to Hour 4 calculated by multiplying the pain relief score at each time point by the duration of time since the preceding assessment, and summing these weighed values up to Hour 4. TOPAR has been used as a method to evaluate the response to a drug for acute pain and also the pain related to PD (Mehlisch et al., 1984; Mehlisch, 1998; Malmstrom et al., 2002) .
The dosage of 100 mg was extrapolated from the maximum recommended oral daily dose for men. Because we could not know how the drug would act in the vaginal form, and rapid absorption and quick pain relief were of outmost importance, we decided on 100 mg. This dosage of 100 mg also has been used in previous trials with vaginal sildenafil, divided into four daily doses of 25 mg through several days (Paulus et al., 2002) . The bioavailability and local action of drugs administered vaginally can be very low, justifying the need for a higher single dose (Chakmakjian and Zachariah, 1987, Chowdary and Rao, 2004) .
The visual analog scale (VAS) was a secondary outcome measure of pain relief. The VAS is a validated pain scale (Littman et al., 1985) used widely in clinical trials assessing the intensity of pain, especially in trials with patients suffering from PD (Dmitrovic et al., 2012) . The VAS uses an analog linear scale to assess pain intensity. The scale is 100 mm long; the extremes of the scale are to the left 'no pain' (i.e. 0 mm) and to the right 'worst pain I have ever felt' (i.e. 100 mm). The score itself is determined by measuring the distance from the left side of the scale to the point that the patient marked as their level of pain. Another secondary outcome measure was the uterine artery color Doppler pulsatility index assessed before and after the administration of the randomized drug.
Study visits
Initial screening was done over the phone, when study design and aims were explained to the subjects. Women who satisfied the phone inclusion criteria and were willing to participate had a screening visit. At the screening visit, inclusion and exclusion criteria were determined and informed consent signed. Eligible subjects were then seen at the study visit where randomization was performed and a study drug was administered.
At the screening visit the following tests were done in order to determine if the subjects were eligible for inclusion in the study: a full physical exam including blood pressure assessment and a Pap smear (if no results within a year were available); transvaginal ultrasound to determine uterine size and/or abnormalities, endometrial thickness, and ovarian size and morphology to exclude causes of secondary dysmenorrhea; a phlebotomy for glucose, complete blood count (CBC), alanine transaminase (ALT), aspartate transaminase (AST), alkaline phosphatase, creatinine, total bilirubin, blood urea nitrogen (BUN) and an electrocardiography (EKG). After evaluation of the screening visit results, women who satisfied the study requirements were called and counseled how to schedule a study visit.
The study visit was not scheduled in advance because it is difficult for most women to predict the exact day of their next menstrual bleeding. Within 6 months of the screening visit, patients were instructed to call the coordinator when they got their period and were experiencing pain due to PD. The study coordinator, depending on the availability of the facilities and the study personnel, scheduled subjects for that day or instructed the subjects to take their usual pain medication pill and call during the next day if still in pain, or to call during their next cycle. The subjects were allowed to take their usual pain medication up to 6 h prior to entering the study. If they were in need of another pain medication, i.e. rescue pain medication, during the course of the 4 h study, their participation in the study was terminated at the time of their taking a rescue pain medication.
Upon arrival for the study visit, regardless if it was the first, second or third day of their cycle, subjects were asked to rate their pain using two scales: (i) pain on the 5-level ordinal scale used for TOPAR4 calculation and (ii) pain level on the VAS. They were only allowed to participate in the study if they rated their pain as moderate or severe, and marked the scale on the VAS that corresponded to .35 mm. TOPAR4 and VAS were then presented to subjects at the administration of the treatment, and at each hour following the administration of the treatment up to a maximum of 4 h.
Next, a baseline examination measuring blood pressure was performed along with an EKG and a color Doppler transvaginal ultrasound using an Aloka 2000 color Doppler ultrasound with 7.5 MHz vaginal transducer. The transducer was inserted into the vagina; uterus and ovaries were visualized. The scanning technique was as follows: after excluding uterine and ovarian pathology with the conventional ultrasound, uterine arteries were visualized laterally in the transverse section of the cervicocorporeal junction. Measurements of the PI (PI ¼ (maximal systolic flow 2 minimal diastolic flow)/mean flow) were made after at least three consecutive blood flow velocity waveforms were analyzed (Scholtes et al., 1989) .
Following that, subjects were randomized to one of the two treatment arms and the study medication was administered vaginally by study personnel. At baseline and 1, 2, 3 and 4 h post-treatment, subjects were asked to provide assessment of degree of pain using two scales: (i) pain on the 5-level ordinal scale used for TOPAR4 calculation and (ii) pain level on the VAS. Two hours after the administration of the randomized treatment, color Doppler ultrasound and the measurement of uterine artery PI was repeated. All ultrasound measurements at baseline and after study drug administration were made by the same examiner (R.D.) who was blinded to treatment assignment. The study ended 4 h after treatment initiation, and the rescue pain medications were then allowed, if needed.
Randomization
Subjects were randomized to either vaginal placebo or 100 mg of vaginal sildenafil citrate in a 1:1 ratio using random permuted blocks having a block size of 4. The randomization scheme was generated by our biostatistician at Penn State (A.R.K.) and the randomization list was sent to the Pliva Pharmaceutical Company in Croatia (Pliva d.d., Zagreb), who manufactured the vaginal sildenafil citrate and matching placebo and packed the drugs into individual boxes marked by the randomization number. The drugs were then sent to the research site, where they were used-in consecutive order when a subject was eligible and ready to be randomized. Both participants and care providers in the study were blinded to the treatment, and the randomization list was kept at Penn State and at Pliva Pharmaceutical Company until the end of recruitment.
Sample size and data analysis
Assuming a standard deviation of 7 units for the primary outcome of pain relief assessed using TOPAR4, a sample size of 26 subjects per treatment group provided 90% statistical power to detect a difference of 6.5 units in TOPAR4 between the sildenafil citrate and placebo groups using a two-sided test having a significance level of 0.05. We anticipated subject drop-out as high as 15%; therefore, we had targeted to recruit a total of 31 subjects per treatment group.
A modified intention-to-treat (mITT) approach, defined prior to study initiation, was used for efficacy analyses. All subjects who recorded at least one primary outcome pain score post-dose were included in the mITT. Missing pain relief scores (TOPAR4) and pain severity scores (VAS) were imputed using the last-observation-carried-forward approach. Baseline values were not imputed nor carried forward. All hypotheses tests were two-sided and all analyses were performed using the SAS statistical software, version 9.2 (SAS Institute, Inc., Cary, NC, USA).
For the primary hypothesis of the overall analgesic effect, an analysis of covariance model with factors for treatment group and baseline pain intensity were used to compare the mean TOPAR4 scores for a single dose of 100 mg of sildenafil versus placebo.
Sildenafil citrate and primary dysmenorrhea Linear mixed-effects models (Laird and Ware, 1982) were fitted to the data to assess between-group (treatment) and within-group (hour) differences for all continuous secondary outcomes. Linear mixed-effects models are an extension of regression that accounts for the within-subject correlation of repeated measurements over time. Residual diagnostics were assessed to ensure that parametric modeling assumptions were met for the analysis of covariance and linear mixed-effects models.
Results
Twenty-nine women were screened; 25 were randomized and completed the study (Fig. 1) . All baseline descriptive characteristics were comparable between the groups (Table I ). In Table II , mean TOPAR4 score, VAS scores at 0, 1, 2, 3 and 4 h and PI values at 0 and 2 h are shown, as well as the differences between the treatments, which demonstrate that sildenafil provided better pain relief than placebo overall (TOPAR4 results) and at each post-treatment time point (VAS results). Placebo also provided significant pain relief compared with baseline at the 2, 3 and 4-h time points (Fig. 2) . We confirmed that the VAS changes from baseline for sildenafil were significantly greater than the changes from baseline for placebo at all 4 time points (data not shown).
Although the mean Doppler PI was significantly higher in placebo compared with sildenafil at the 2-h time point (Table II) , the changes from baseline at 2 h were not significantly different between the two groups (Table III) . No significant association between the change in uterine blood flow and pain relief was found.
Patients did not report any side effects from any of the treatments.
Discussion
In this study, we have shown that vaginal sildenafil citrate is capable of alleviating acute menstrual pain in patients with moderate to severe PD, although placebo also provided significant pain relief as is common in such studies. Although this was the first study to investigate the effect of sildenafil in the treatment of PD, both findings were expected as both NO donor drugs and placebo have been shown to help patients with dysmenorrhea (Fedele et al., 1989; Moya et al., 2000; Facchinetti et al., 2002) . Non-steroidal anti-inflammatory drugs (NSAIDs), which are the treatment of choice in PD, reduce the level of endometrial prostaglandins, but are effective in only 75% of patients. NO donor drugs, on the other hand, have a different mechanism of action, thought to counteract the vasoconstriction caused by prostaglandins, therefore ameliorating the pain in PD. However, we have shown that both sildenafil and placebo improve uterine blood flow as measured by color Doppler ultrasound, and therefore could not confirm this as a probable mechanism on pain relief. If future studies confirm these findings, sildenafil may become another treatment option for patients with PD. Also, although NO donor drugs have been associated with adverse reactions, especially headache, this was the first study to investigate the effect of vaginal drug that acts similarly to NO donor drugs in PD, and no side effects were reported by patients. Therefore, vaginal route may also be a significant delivery route for patients with PD, as it may reduce the severity of side effects.
Unfortunately, we were not able to meet our sample size. There were several barriers to recruitment. When designing this study, we did not want to dispatch study drugs for patients to use in the privacy of their homes because at that time there were no reports of using single Sildenafil citrate and primary dysmenorrhea 100 mg vaginal sildenafil tablets in any clinical setting, and we wanted to be able to monitor patients for adverse events on site (and these were also requirements of the IND and our IRB approvals). However, this proved to be a major obstacle in the recruitment for the study because patients were unwilling to abstain from self-medication, as well as come to the study site and participate in procedures at the time of their greatest pain. We had 67 initial phone conversations with patients who were interested in participating in the study and who satisfied the phone inclusion criteria, but only 29 came for the screening visit. Though we did not meet our sample size and were not able to confirm the primary hypothesis that the 100 mg single dose of sildenafil citrate would have at least a 6.5 unit improvement in TOPAR4 over placebo, the difference we found (placebo group 6.4, sildenafil group 11.9, difference ¼ 5.3) is close to that hypothesized. With more data, we believe our hypothesis could be confirmed. Sildenafil appears to be capable of improving uterine blood flow, as did placebo, which may be one of the mechanisms of pain relief, but we did not find a significant association between the change in uterine blood flow and pain relief. A recent study that used sildenafil 100 mg to improve endometrial thickness and lower high uterine artery impedance concludes that sildenafil citrate treatment improves these parameters and may be useful for the patients with a thin endometrium (Takasaki et al., 2010) , which is confirmed by our findings.
When designing this trial, and bearing in mind that sildenafil citrate has never been used for this indication, and in this route and dosage, we felt it was safer to use placebo instead of another active drug that has never been used in vaginal form either. In the majority of studies of dysmenorrhea, placebo has been shown to help with pain in a significant number of patients, which was confirmed in our study. As our study progressed, we became aware there were no side effects to either one of the vaginally administered compounds. Now that this study is completed and no side effects were reported, future studies of pain relief in PD patients having a sildenafil arm, a placebo arm and another active drug arm should be considered to assess efficacy and safety of vaginally delivered medications. When treating pain, a placebo effect clearly exists and is mostly associated with psychosocial context surrounding the patients. The effects are non-specific and may come only from the knowledge that a treatment is being given, but usually also include some physical reactions, specifically the activation of endogenous opioids and dopamine (Fedele et al., 1989; Finniss et al., 2010; Hrobjartsson and Gotzsche, 2004) . Placebo response in PD as well as in endometriosis is strong (Fedele et al., 1989; Ziaei et al., 2001; Koninckx et al., 2008) . In studies of erectile dysfunction in men, the investigators used several methods (TOPAR4, VAS, color Doppler ultrasound) to determine the difference in patient pain relief perception with sildenafil citrate compared with placebo; however, with any of these methods placebo proved to be almost equally effective as the study drug (Safarinejad, 2004; Tignol et al., 2004) .
Our period of observation after study drug administration may have been too short to observe later effects. The 4-h period for this study was chosen for two reasons. With sildenafil citrate, maximum median plasma concentrations are reached within 60 min and half-life is 4 h (McDonough, 2002) . Maximal effect of the drug is expected to be seen in the first 2 h following the administration of sildenafil citrate, and the possible effects of the drug will therefore be seen within the 4-h time frame. The nature of the pain in PD is acute and needs immediate attention. Therefore, rapid absorption and quick pain relief are of outmost importance, and the drug that is used for acute pain relief in PD has to be effective within that time frame. In a study by Hale et al. (2010) , it was shown that sildenafil significantly increases uterine volumetric blood flow and vascular impedance in non-pregnant, nulliparous women over the 3-h monitoring period (Hale et al., 2010) , which was confirmed in our study. In addition, we were using an unapproved form of the drug for an unapproved indication and did not want to prolong the study beyond the minimum we needed to confirm our hypothesis, if safety issues arise; and also, in case the sildenafil did not help, we did not want our patients to suffer unnecessary pain.
Sildenafil citrate has not been studied in relation to menstrual bleeding. Since, in the above mentioned study (Hale et al., 2010) , it has been shown that sildenafil causes vasodilatation and increases uterine blood flow, and, similarly to NO donors, may have platelet inhibitory proprieties, this may lead to heavier menstrual bleeding when administered at time of menstruation. We did not investigate nor follow the possible change in menstrual bleeding pattern in our study because of its short duration, but if studies of larger duration are to follow, this probably should be taken into account. We did not consider repeated dosages of sildenafil citrate in patients with dysmenorrhea in this study for safety concerns because, unfortunately, there is a paucity of data on repeated dosage and pharmacokinetics of oral 100 mg of sildenafil, and none for the vaginal administration. However, it has been shown that the plasma concentration of sildenafil is dose proportional (Nichols et al., 2002) , and therefore, if we would administer another 100 mg dose of sildenafil 4 h after the initial dose, it is reasonable to assume that the mean plasma concentration after several doses would rise above the one found after a single dose, and possibly increase the chance of unwanted side effects. Therefore, at present time and with no data to support otherwise, a 100 mg single vaginal dose of sildenafil should probably be taken no more than twice daily, to avoid a rise in plasma concentrations above the side effects threshold. If pain persists 4 h after the administration of the sildenafil, NSAIDs, which are better studied, should be used.
Following the end of our study, the patients were free to leave the facility and we did not follow them further. In the light of our results, we now recognize that further follow-up would have enhanced the data, but at the time of study design, we did not know if our hypothesis would stand. The care providers and patients were blinded to the allocation treatment, and did not know if the improvement in symptoms came from placebo or sildenafil. Considering our subjects were young girls in pain, who felt uncomfortable in the hospital, and the pharmacokinetics of sildenafil with the half-life of 4 h, we felt that 4 h of follow-up on site was sufficient to answer our questions. The patients who felt no pain when leaving were instructed to take another pain medication if the pain reappears, but we have no follow-up data. We understand now that we probably should have called them in 12 h, with the follow-up questions on pain.
Ultrasound has been the most important diagnostic tool in gynecology in the past decades, but it has limited value in the diagnosis of PD given that many causes of secondary dysmenorrhea evade ultrasound detection (i.e. pelvic adhesions, minimal endometriosis, etc.). Changes in uterine artery indices in patients with PD, however, have been documented previously (Dmitrovic, 2000; Altunyurt et al., 2005) . Color Doppler ultrasound comparisons have been used in clinical trials that studied the relaxing effects of NO in PD patients (Paulus et al., 2002) . Intra-observer (4.1%) and interobserver (11.8%) variability are lowest with transvaginal approach, suggesting that transvaginal color Doppler ultrasound is reproducible and the results obtained from clinical use are reliable (Steer et al., 1995) . In this study we were able, after administration of both our study drug and placebo, to show improvement in uterine blood flow with color Doppler ultrasound suggesting that these changes may be attributed to the pain relief itself.
A number of medications have been investigated daily to improve the treatment options for PD, but most have proven unsuccessful or have an unfavorable risk/benefit ratio (Moya et al., 2000) . Since PD is a condition that most women suffer from and seek treatment for at some points in their lives, the quest for new medications is justified. Our small study offers hope that vaginal sildenafil citrate is a safe and effective option for patients who do not desire or are unresponsive to treatments now available on the market. Larger studies of longer duration, likely multicenter, are needed to confirm the findings from this study. Since our study found the medication to be safe for this indication, without adverse effects, recruitment in the future would be enhanced by allowing home administration of the medication.
